FDOM is one of the most important carriers of anthropogenic compounds in natural waters. It can combine with environmental contaminants and polymers to form diverse chemical structures. To this end, here a microfluidic chip was designed for the analysis of these changes in fluorescent dissolved organic matter (FDOM) fingerprints due to thermal treatment and varying time intervals of exposure. Excitation Emission Matrix Spectroscopy (EEMS) approach was utilized to detect and identify the inherent compounds in sampled FDOM. Strong direct correlations were founded, Spearman rank correlation values (ρ = 0.85 at α = 0.1, n = 4) and linear correlation R 2 = 0.8359 were noted between thermal treatment pattern 2 and fluorescence intensity of samples. Materials, acrylic based glue and cyclic olefin copolymer (COC) polymer, used to design the microfluidic sensor were determined to possess unique spectral features in the ultraviolet to green spectrum using EEMS. The study therefore provides an insight on methods to identify contaminants in natural waters. This underlines the potential of optical sensors providing measurements at fast intervals, enabling environmental monitoring.
INTRODUCTION
Dissolved organic matter (DOM) is a major source of carbon in the aquatic environment [1, 2] . DOM is a combination of chemical compounds with varying molecular weights, chemical structures that can be generated as a by-product of biodegradation, photochemical and primary production processes [3] . The composition of DOM depends on geographical location, local anthropogenic and industrial activities. Typical compounds found in DOM include lignin, humic and fulvic acid, proteins and amino acid residues [4, 5] .
Fluorescent Dissolved Organic Matter (FDOM) is a portion of DOM that fluoresces when exposed to ultra-violet light [6] - [8] . FDOM is part of Colored Dissolved Organic Matter (CDOM), and it is known to regulate light over a wide spectrum influencing optical properties and providing a source of carbon for microorganisms metabolism [9] - [12] . Furthermore, FDOM compounds possess unique signatures that have been correlated and are indicative of inherent chemical structures. These properties can undergo modifications depending on physical, microbiological or chemical properties of their surrounding environment [13] . In natural waters, a rise in temperature enhances the kinetic energy available to molecules. These molecules can dissipate the excess energy by translational movement resulting in more intermolecular collision leading to more chemical reactions. Such chemical reactions between labile compounds in FDOM generate new compounds resulting in different fluorescent signatures. As a result of these changes, it is possible to differentiate fresh FDOM from refractory FDOM. Fluorescence emission happens in specific chemical structures capable of absorbing light with subsequent release of it into lower wavelengths at short time intervals, close to 10-8 seconds. Commonly fluorescence takes place in compounds with aromatic rings, although some aliphatic and alicyclic compounds or compounds with double bonds in their structures also exhibit fluorescence emission [14, 15] .
Excitation Emission Matrix Spectroscopy (EEMS) is an important approach used to categorize FDOM compositions so as to identify different groups of fluorophores [4] . EEMS technique allows the collection of three-dimensional fluorescent spectra to display the composition of main components in the sample. The spectrum is obtained by plotting the intensity signals, against the emission and excitation wavelengths in a three dimensional plane. The approach offers very sensitive hyperspectral fluorescence measurements with a high detection limit of FDOM compounds. In prior investigations, EEMS has been key in detecting metals [16] , hormones [17] , hydrocarbons [18] , pesticides [19] , surfactants, amino acid residues, proteins, and humic compounds that are part of dissolved organic matter [20] - [22] . Furthermore, spectra from EEMS have been shown to be a reasonable proxy and tracer for primary production and degradation of optically active compounds in natural waters [23] - [25] .
The diversity in structures and chemical compounds in FDOM as well as its likely transformation under specific conditions in natural waters makes it a useful indicator of biochemical changes. In estuarine systems, FDOM has been associated as a carrier for certain compounds and chemicals derived from antibiotics, hormones, household and industrial waste [26, 27] . Furthermore, with a rapid increase in plastic debris being released into natural waters there is a need to detect and possibly identify source polymers given that plastics are a nuisance in nature. In this study we therefore assess the EEMS method to identify FDOM ability extracting chemical contaminants from polymeric materials. Thermal treatments in a novel microfluidic device were used to enhance FDOM molecules reactions and extraction process from plastic polymers.
METHODS AND MATERIALS

Design of microfluidic chip
A custom made microfluidic chip ( Figure 1 ) was developed using printed circuit boards (PCB) and a channel layer. The PCB was a 1.5 mm thick FR4 and 18 µm copper layer and was structured by a wet etching process. 2 mm cyclic olefin copolymer (COC) Topas 6017S-04 layer was used for the channel element. The 1 mm wide and 250 µm deep channel structure was made with a Minitech MinimillGX CNC controlled micro milling machine. A 50 µm thick VHB 9460 3M transfer tape was utilized to attach the PCB and channel layer. The transfer tape is applied to the channel layer first and then aligned to the PCB with the help of aligning posts. Curing is completed in a Thermo-press for 45 minutes at 60 • C under 2000 kPa pressure. Peltier elements were integrated as thermal setting elements at the back of the PCB in 1.3 mm pre-milled pockets. In this setup, we assumed minimal thermal resistance [28] .
Temperature was well regulated with a 5 second delay to obtain equilibrium (Figure 2 ). Cold sample was pumped into the hot zone using the syringe pump and then back into the cold zone after thermal treatment.
Study area and sample preparation
Jade Bay (southern North Sea, 53.4500 • N 8.2000 • E) as part of the Wadden Sea receives contaminants from various transport routes, especially from marine currents and discharges from River Weser. FDOM composition of Jade Bay samples is ruled mainly from these main inputs and its chemical compositions have been studied previously [29] - [31] (Figure 3) . Surface water samples from Jade Bay were heated from 20 • C to 90 • C within the developed microfluidic device. After cooling samples fluorescence intensity was scanned. Two treatment setups (Table 1) dissolutions were exposed to COC resin and acrylic glue samples for 8 days. After this period fluorescence intensity of samples was recorded. Suwannee river DOM reference standards were prepared freshly by dissolution with deionized water, conductivity of 18.2 MΩ, and stored at 4 • C in dark bottles.
All samples and standards were filtered through Nucleopore® membrane filters with nominal pore size of 0.2 µm. Quartz cuvettes and micro cuvettes were rinsed overnight in Helmanex® cleaning solution to remove FDOM remains from internal walls. After cleaning, cuvettes were rinsed with deionized water and dried at room temperature using compressed dry air.
EEMS analysis
Spectrofluorometric measurements were completed immediately after thermal treatment using a 1 cm quartz cuvette in a Perkin Elmer LS-55 spectrofluorometer. Three dimensional fluorescence spectra of samples and Milli-Q water were determined at 10 nm bandwidth in both excitation and emission, respectively. Excitation wavelength was fixed in a spectral range of 200 nm to 400 nm, with steps of 5 nm. The emission of fluorescence spectra was recorded over a wavelength range of 200 nm to 600 nm.
RESULTS AND DISCUSSION
Jade Bay FDOM experiments
EEMS spectra computed from Jade Bay samples (Figure 4 ) presented unexpected findings. Fluorescence quenching observed here was considered as an indicator of new chromophoric compounds. The thermal treatment 1 resulted in an unknown signal, excitation at 205 nm and emission at 580 nm. We rule out the presence of chlorophyll because the samples had been filtered with a 0.2 micron filter. Treatment 2 had similar spectra with an enhanced signal for this unknown compound. The chromophore concentration appeared to have a higher concentration. These findings suggest that there is a link between this chromophoric compound and temperature as well as treatment time. Further analysis was carried out to confirm the correlation between the compound and temperature using Spearman rank correlation test ( Figure 5 ).
Thermal treatment number 2 exhibits a higher extraction effect with respect to heat treatment 1. In comparing the number of heating cycles in each treatment it is evident that new chromophores accumulate in the sample although with increasing temperature treatment 2 had a relatively higher enhancement of the chromophore. In general, a strong correlation was evident and investigated using Spearman rank correlation to determine the degree of association. For treatment 2, we found a Spearman coefficient value ρ = 0.85 for n = 4 and α = 0.1, these values suggest the existence of a correlation between intensity of the chromophore and the temperature applied. A linear regression analysis was conducted for both treatments and correlation coefficients support the previous analysis (Figure 5 ).
Identifying polymers in natural FDOM
In order to identify the possible source of the new compound observed (Figure 4 ) a study of the raw material used to design the microfluidic sensor was carried out using samples from acrylic glue, COC polymer and plastic tubing submerged in 5.0 mL deionized water. Each raw material sample was heated up to 70 • C for 15 minutes and immediately cooled. EEMS was utilized to derive the inherent excitation/emission wavelengths values ( Figure 6 ). The unique EEMS spectra are summarized ( Table 2 ), suggesting that the observed feature originated from the acrylic glue used in the construction of the microchip.
Based on these results we think that the detection of polymer or foreign material in FDOM is possible. Foreign materials (polymers tested here) will increase the fluorescence intensity and peaks will be in most cases separable from the well-known peaks [27] . In an effort to quantify the extraction increase from the presence of FDOM we computed the intensity of the new chromophore extracted by natural FDOM compared to the blank analysis both for the acrylic glue and the COC polymer (see Table 3 ). Here an increase of 16% to 125% was noted. 
Sensitivity analysis of identifying contaminants within FDOM
CONCLUSION
In this study, chemical compounds from a polymeric based microfluidic device were detected in the presence of FDOM after thermal treatments of natural water samples from Jade Bay and Suwannee River FDOM reference material. A clear correlation between the extraction process of polymeric compounds in presence of natural FDOM and temperature treatment was observed. Same signals from unknown components were detected in samples which remained in contact with the microfluidic device components for a short range of time at ambient temperatures. It was not possible to establish a clear correlation between extraction of polymeric components and the FDOM concentration, but it was observed that the extraction process was improved by the presence of FDOM in samples. Future research will include detailed evaluation of FDOM concentration on the extraction process of plastic monomers in seawater under ambient temperature conditions. 
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